We studied the intraspecific variability of maritime pine in a set of morphological and physiological traits: soil-to-leaf hydraulic conductance, intrinsic water-use efficiency (WUE, estimated by carbon isotope composition, δ 13 C), root morphology, xylem anatomy, growth and carbon allocation patterns. The data were collected from Pinus pinaster Aiton seedlings (25 half-sib families from five populations) grown in a greenhouse and subjected to water and water-stress treatments. The aims were to relate this variability to differences in water availability at the geographic location of the populations, and to study the potential trade-offs among traits. The drought-stressed seedlings demonstrated a decrease in hydraulic conductance and root surface area and increased WUE and root tip number. The relationships among the growth, morphological, anatomical and physiological traits changed with the scale of study: within the species, among/within populations. The populations showed a highly significant relationship between the percentage reduction in whole-plant hydraulic conductance and WUE. The differences among the populations in root morphology, whole-plant conductance, carbon allocation, plant growth and WUE were significant and consistent with dryness of the site of seed origin. The xeric populations exhibited lower growth and a conservative water use, as opposed to the fast-growing, less water-use-efficient populations from mesic habitats. The xeric and mesic populations, Tamrabta and San Cipriano, respectively, showed the most contrasting traits and were clustered in opposite directions along the main axis in the canonical discriminant analysis under both the control and drought treatments. The results suggest the possibility of selecting the Arenas population, which presents a combination of traits that confer increased growth and drought resistance.
Introduction
The Mediterranean Basin is located in the transitional zone between a sub-oceanic climate, with regular precipitations from the polar front, and a subtropical arid climate, with high pressures. As a consequence, two clearly differentiated zones exist in the Iberian Peninsula, with an Atlantic and a Mediterranean influence, and several climatic regions: arid, semi-arid, semi-humid and humid. The Mediterranean species Pinus pinaster covers a wide range of climates with dry and wet conditions, and is widely used in forestation and tree breeding. Understanding the physiological adaptations to water stress between and within P. pinaster populations is a desirable goal due to its applicability to the current selection programmes.
Whole-plant water balance in woody plants has a major influence on plant growth and depends on many variables. The morphology and architecture of roots greatly influences water uptake (Fitter et al. 1991) . Pinus pinaster root architecture is adapted to the prevailing wind and soil profile (Danjon et al. 2005) and there is variation in three-dimensional coarse root architecture among populations. The French Atlantic populations showed a unique and deep taproot and large root biomass and the populations from dry areas more shallow and branched roots (Danjon et al. 2009 ).
Water transport depends on the size of xylem conduits and cavitation, which reduces hydraulic conductance. There are some trade-offs between characters that make xylem both an efficient conductor of water and vulnerable to dysfunction (Zimmermann 1983) . The leaf-specific conductivity describes the water flow rate through a stem section per unit potential gradient and per unit leaf area supported (Zimmermann 1978) . It can be enhanced through the construction of a greater sapwood area, which represents a growing cost in terms of carbon fixation, or a greater conduit size, which increases water transport but can lead to mechanical failure and vulnerability to frost-induced embolism (Peguero-Pina et al. 2011) . In conifers, a greater resistance to drought-induced cavitation is associated with thicker cell walls in relation to lumen diameter to withstand compressive forces and protect against implosion (Hacke et al. 2001) , with latewood percentage (Domec et al. 2009 ) and with lower hydraulic conductivity (Oliveras et al. 2003) . We have analysed the structure of xylem tracheids to characterize the population and family variation. In a previous study, we found genetic differences in wood density among P. pinaster populations, not affected by the environment (Corcuera et al. 2011) .
Pinus pinaster did not experience mortality after intense summer droughts that affected Spain during the last decade of the 20th century. However, it showed no differences in the hydraulic architecture (ratio between leaf and stem area, leafand stem-specific conductivities) with the coexisting pine species Pinus nigra Arnold and Pinus sylvestris L. that experienced an extensive mortality . Maritime pine is a typically Mediterranean pine that shows hydraulic homeostasis (Magnani et al. 2008) . Under dry soil conditions, a high degree of stomatal control maintains needle water potential > − 2.0 MPa (Delzon et al. 2004) , which is well above the cavitation threshold of the species (−3.8 MPa; Corcuera et al. 2011, −3.93 MPa; Lamy et al. 2011) . Despite the convergence in stem-specific conductivity values among P. pinaster populations under severe drought, we found population differences in response to drought previously (Corcuera et al. 2011) . The more xeric population from Morocco displayed no reduction in stem-specific conductivity and the more mesic populations displayed the higher reductions. In the present study, we expected to find greater soil-to-leaf hydraulic conductances and smaller drought-induced reductions in droughtstress seedlings of the populations from more xeric habitats than drought-stress seedlings of the populations from more mesic habitats, as found for the Mediterranean pine Pinus halepensis Mill. (Tognetti et al. 1997) .
Intrinsic water-use efficiency (WUE) or the ratio of photosynthetic carbon gain to transpirational water loss (Farquhar and Sharkey 1982 ) is another main factor influencing tree growth under drought. It is highly and negatively correlated with stable carbon isotope composition (δ 13 C, Farquhar and Richards 1984) , which has shown significant variation between conifer populations (Pinus ponderosa Douglas ex C. Lawson; Cregg et al. 2000) , families (Picea mariana (Mill.) Britton, Sterns & Poggenb; Flanagan and Johnsen, 1995) and environments (Pinus greggii Engelm.; García-García et al. 2004 ) and has yielded results consistent with the precipitation regime at the seed origin (P. sylvestris; Cregg and Zhang 2001) . Pinus pinaster displayed higher WUE than P. nigra and P. sylvestris , which is the result of its high sensitivity to air vapour pressure deficit and stomatal closure (Loustau et al. 1996) . Within the species, population and family variation in WUE was very sensitive to the environmental conditions (Brendel et al. 2002; Corcuera et al. 2010) and there were no differences in WUE among populations (Tognetti et al. 2000; Correia et al. 2008 ) and families (Fernandez et al. 2006) .
Growth traits such as height, collar diameter and biomass fractions are good indicators of plant performance. Maritime pine has shown a high population divergence for phenotypic changes in biomass components in response to water stress and most populations did not show differences between the control and drought treatments for carbon allocation (Chambel et al. 2007 ).
To our knowledge, there are no previous studies concerning hydraulic conductance, xylem anatomy and root morphology traits to characterize inter-and intra-population differences in the hydraulic architecture of the maritime pine. In this study, we characterized the variability in whole-plant response of maritime pine seedlings to drought using an integrated approach, considering hydraulic architecture and structural and morphological traits. Therefore, the main objective of the study was to characterize the variability in these traits among populations and families. The seedlings were progenies from natural stands located along a precipitation gradient across Spain and north Morocco. We further proposed that the population variation for these characters would be consistent with the original climate of the populations. Specifically, we hypothesized that both, low water availability in the place of origin of the xeric populations and the drought treatment of the experiment would improve the plant's capacity to supply water to the aboveground tissues by: (i) promoting belowground biomass allocation to increase water uptake, (ii) reducing the ratio of leaf to sapwood area to increase water transport to leaves, (iii) modifying root morphology to explore more soil volume, (iv) improving WUE, and (v) reducing whole-plant hydraulic conductance to avoid xylem cavitation. A secondary objective was to gain an insight into the relationships and potential trade-offs between these traits within the species. We also hypothesized that the relationships among traits would change at different genetic levels (species/populations) and there could be potential trade-offs between hydraulic safety and hydraulic efficiency and hydraulic safety and growth reflected by the inverse relationships between the conduit implosion resistance index and hydraulic conductance and between the conduit implosion resistance index and growth.
Materials and methods

Study site and plant material
The data were collected from a nested structure of families within populations. Therefore, the term 'family' will refer to a group of individuals who have one or both parents in common (half-sib or full-sib families, respectively). 'Population' denotes a group of individuals within which there is gene exchange, and 'provenance' refers to the geographic origin of the population. Natural populations have been subjected to selection from their particular set of local environmental conditions and might differ in performance when grown at a common site.
Progenies from five P. pinaster provenances, representing a north to south transect throughout the natural distribution of the species, were grown from seed for one growing season in 0.5-l PVC pots with an auto-pruning root system, which also avoided root malformations. Five half-sib families were collected from natural stands within five provenances: San Cipriano in North Spain, Arenas and Coca in central Spain, Oria in southeast Spain and Tamrabta, Morocco. The location, soil and climatic data are presented in Table 1 . The seedlings were grown in a greenhouse (Forest Research Unit, C.I.T.A., Saragossa, Spain) under a uniform nutrient supply and light conditions with no water restrictions. The pots were filled with a mixture of different peats containing fertilizer, pH 5.5-6.5 (Humin substrate N3). During the growing season, the plants were watered every day and no fertilizer was added. Climatic conditions were monitored using a thermohydrograph (JRI Minidisque 165-00, Jules Richard, Argenteuil, France) with a relative humidity of 96/70% and a temperature of 25/27 °C. The mean maximum and minimum temperatures during the growing season (March-August) were 24.9 and 10.4 °C, respectively. During the same period, the relative air humidity was 58-92%, and the light regime was quite regular (only ca. 5% of the days were cloudy).
The experimental was constructed as an alpha incomplete block design with a nested structure (25 families from five populations). A total of 25 families were included and arranged in five incomplete blocks of five families per complete replication. The experimental unit comprised five plants. One of the two treatments (control/drought) was applied per complete replication for a total of 250 measured plants. Nine-month-old seedlings were irrigated to field capacity and divided into two groups: one group was maintained under moist conditions with watering every other day, while the other group was subjected to a drought treatment. The top of each pot was covered with a perlite substrate to minimize soil evaporation. At the beginning of September, water was withheld to induce drought. When the plants reached a predawn water potential of −3.0 MPa, at the beginning of November, they were rewatered. The soil water potential was determined using the dew point and psychrometric methods as described in the instructions manual for the PSYPRO Water Potential System (Wescor) with PST-55-30-SF soil psychrometers.
Statistical model and analysis
The data were tested for normality and homoscedasticity, and the following model was established for all measured variables:
where y ijkl is the value of the variable for the lth seedling from the kth family within jth population, measured under the ith status; µ is the overall mean of the variable; S i is the effect of the ith status (i = 1-2); P j is the effect of the jth population (j = 1-5); F k j ( ) is the effect of the kth family (k = 1-5) within the jth population; S P i j × is the effect of the interaction of status by population;
S F P i k j j × ( ) ( ) is the effect of interaction of status by family and ε ijkl is the residual (l = 1-5). Due to low influence, the effect of incomplete blocks was pooled in the error term. The model was analysed as a mixed model with fixed (status, population and family) and random (error) effects, where the components of variance were obtained using restricted maximum likelihood. The best linear unbiased estimators and predictors for fixed and random factors, respectively, were obtained (SAS 1999) . A canonical discriminant analysis for the total set of variables measured was performed (proc CANDISC. SAS 1999), and observations (and means using population and family as grouping factors) of the first two canonical variables were obtained.
Pearson's correlation coefficients were calculated (grouped when necessary) to analyse the relationships between all the variables considered.
Growth and biomass allocation
The stem height (h) and diameter (d) were measured using a digital calliper. The needles, shoots and roots were dried at 70 °C for 72 h to obtain leaf (LDW), stem (SDW), root (RDW) and total (TDW) dry weights. The carbon allocation to the root, stem and leaves was expressed as leaf (LWR = LDW/TDW), stem (SWR = SDW/TDW) and root (RWR = RDW/TDW) weight ratios.
Hydraulic architecture
Whole-plant hydraulic conductance was measured using the evaporative flux method (Cochard et al. 1996) . The seedlings were watered to soil capacity and placed in the dark to equalize their water status. On the following day, the pots were sealed with parafilm to avoid water soil evaporation and weighed with a BP221S Sartorius digital balance to the nearest 0.001 mg. The aerial part was subsequently irradiated using a 1500 W halogen bulb producing 864 µmol m −2 s −1 of photosynthetically active radiation and 30 °C of ambient temperature at the leaf level for 2 h. The plants were weighed again and cut to obtain the water potential in a Scholander pressure chamber.
The hydraulic conductance of the soil/root/leaf pathway was determined as K h = E/Δψ (kg s −1 MPa −1 ), where Δψ is the difference between soil water potential and plant water potential and E is the amount of water lost through transpiration at the time when plant water potential was determined.
The leaf-specific hydraulic conductance describes the potential of the xylem to supply the leaf area of the plant with water. It is normally used to relate the conductance of a stem section to the leaf area it supplies. In this study, we modified the leaf-specific hydraulic conductance to describe the hydraulic sufficiency of the entire plant. The whole-plant leaf-specific conductance (K L ) was calculated as
, where A L is the projected leaf area of all needles supplied with water through the stem. A L was obtained from all of the needles with a leaf area meter.
K h was normalized to the sapwood cross-section to obtain the K S or whole-plant stem-specific hydraulic conductance:
A L : A S (m 2 mm −2 ), or the ratio of leaf area to sapwood area, is the total projected area of leaves divided by the cross-sectional area of sapwood that supplies water to those leaves, which is considered to be a measure of the balance between transpiration and the stem water supply.
Water-use efficiency
Needles were dried at 70 °C for 72 h, ground and sieved. The δ 13 C isotope discrimination was analysed as an estimate of the intrinsic WUE. The needle samples were oven-dried at 70 °C for 72 h, finely ground and passed through a 40-mesh screen. The abundance of stable isotopes of carbon in the combusted samples was calculated using a mass spectrometer at the Stable Isotope Lab, INSTAAR, University of Colorado, Boulder, CO. The stable carbon isotope ratios were calculated as δ 13 C = R sample / R standard − 1, where R is the molar ratio of heavy to light isotope ( 13 C/ 12 C). The standard for CO 2 in both the atmospheric and plant organic samples was obtained from Pee Dee Belemnite limestone (Craig 1957) .
Stem wood anatomy
Four populations, with three families per population and five stems per family, were selected for anatomical measurements. Segments ~2 cm long were fixed in resin and transversely sectioned using a sliding microtome (Anglia Scientific AS200, Soham, UK). The 15-to 30-µm-thick cross-sections were stained with safranin and fast green, dehydrated through 96% ethanol for 10 min and permanently mounted on slides using Canada balsam. A microscope (Olympus BH2, Tokyo, Japan) equipped with a photo-microadapter (Olympus OM-Mount, Tokyo, Japan) and a camera (Olympus OM101, Tokyo, Japan) was used for slide printing. An image analysis system was used to determine the mean hydraulic diameter (D h , µm) from the measured lumen diameter (d), which was calculated as D h = Σd 5 /d 4 (Kolb and Sperry 1999) . Ten radial axes per slide were measured (an average of 300 tracheids per stem) to obtain the tracheids' radial growth.
To estimate a conduit implosion resistance index, the conduit wall reinforcement was calculated as the tracheid thickness-to-span ratio (t/b) 2 (Hacke et al. 2001 ). We measured the maximum span across a tracheid (b) and thickness of the double wall between two adjacent tracheids (t).
Root morphology
After the hydraulic measurements were obtained, the peat was gently removed from roots with water. The root system of each plant was spread between two glass surfaces. The lateral roots were spread to minimize overlapping roots. A two-dimensional image of the root was obtained using a digital camera (Canon EOS 450D, Tokyo, Japan) and saved as greyscale at 600 dpi resolution and TIFF format file. The total root length, main root length, number of root tips, root surface area (or the real surface Hydraulic architecture in Pinus pinaster populations 1445 of root that is in contact with ground), root volume and average root diameter were calculated using the root system analysis software WinRHIZO 4.0 (Regent Instruments Inc., Sainte-Foy, Quebec City, Quebec, Canada). In this paper, only results related to root surface area, or the real surface of root that is in contact with ground, and the number of root tips were used.
Results
Drought effect
Drought had significant effects on P. pinaster hydraulic conductance (K h , K L , K S ), root morphology (root surface and tip number) and WUE (Table 2 ) and there was a genotype by treatment interaction for these traits (Pop × treatment, Fam (Pop) × treatment, Table 2 ). The treatment variation (control/drought) was higher than the genetic variation for the hydraulic conductance (K L , K S , Table 3 ). However, the genetic variation (Pop, Fam) was more important for the remaining traits (Table 3) . There was a reduction in the whole-plant hydraulic conductance (K L and K S , Figure 1 ), which was positively associated with the maximum conductance of the non-stressed/control plants ( Figure 2 ). The root surface was reduced, and the root tip number and WUE were increased in response to water deficit (Figure 3; δ 13 C increased from −32.64 ± 0.05 to −32.49 ± 0.05, data not shown).
After a visual screening under the microscope of the xylem cross-sections in watered and drought plants, we did not see differences in tracheid dimensions for a given genotype (individual within a family and population) between control and drought treatments. Therefore, we only measured the structure of xylem tracheids in control seedlings to obtain the variation among P. pinaster genotypes. Fairly large variations in environment during development of juvenile wood in seedlings may not leave an imprint on xylem tracheid dimensions as documented by Danzer et al. (2001) . They found that decreasing soil moisture had a tendency to limit cell size towards the end of the growing season in Pinus resinosa Ait. seedlings. However, it was not sufficient to induce late-wood formation in which the combined width of adjacent cell walls exceeded the lumen diameter.
Population differences
The genetic effect was significant for the studied traits (Pop, Fam (Pop), Table 2 ), and the genetic variation was mainly partitioned within the populations rather than among them in most traits (Table 4) . Table 5 shows the differences among populations and families for most traits in both treatments (control/ drought).
The population differences in the carbon allocation patterns were significant and associated with drought adaptations. The populations from xeric origins, Oria and Tamrabta, showed an increased carbon allocation to the roots and a reduced carbon allocation to the stem and leaves (Table 6 ). Moreover, both populations did not reduce their root surface area in response K L , whole-plant leaf-specific conductance; K S , whole-plant stem-specific conductance; A L : A S , leaf to sapwood area ratio; δ 13 C, leaf carbon isotopic composition; h, stem height; d, collar diameter; LDW, leaf dry weight; SDW, stem dry weight; RDW, root dry weight; TDW, total dry weight; LWR, leaf weight ratio; SWR, stem weight ratio; RWR, root weight ratio; A L , leaf area; A S , stem area. For each variable, levels of significance are indicated by asterisks: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****) and by 'ns' for not significant values.
to drought (Figure 3 ). On the contrary, the mesic populations allocated a larger proportion of dry matter to the aboveground tissues and a lower proportion of dry matter to the belowground tissues.
The Atlantic population, San Cipriano, displayed the highest A L : A S ratio (Table 7) and a low K L under both the control and drought treatments ( Figure 1a ) as a consequence of increased carbon allocation to the leaves (Table 6) . On the contrary, the xeric population, Oria, showed the lowest A L : A S ratio (Table 7) and a high K L under both the control and drought treatments ( Figure 1a ) as a consequence of reduced carbon allocation to the leaves (Table 6 ). The populations that showed the higher hydraulic conductance values with no water restrictions also showed the higher reduction in hydraulic conductance under drought stress (Figure 2 ).
The population differences in WUE were significant and associated with drought adaptations. The mesic populations showed a reduced WUE (lower δ 13 C, Table 7 ) and the xeric populations showed the highest WUE. The WUE was highly correlated with the percentage reduction in hydraulic conductance after drought (Figure 2d) .
The xeric populations showed increased carbon allocation to roots, and the Tamrabta population also showed an increased root biomass (Table 6 ). However, despite the lower RWR of the mesic populations, they showed similar or even higher number of tips than the xeric populations (Figure 3) , which could enhance their ability to explore the soil moisture. For example, the Oria and the San Cipriano populations had a similar and lower root biomass (RDW , Table 6 ), but the tip number of the San Cipriano population was significantly higher (Figure 3) .
The Coca population presented a higher tracheid hydraulic diameter and cell wall thickness (Table 7) , and the Arenas population showed a higher cell wall to lumen ratio ((t/b) 2 ; Figure 4) than the other populations. The variability was higher between the families than between the populations (Table 4) , and some families of the Oria and Tamrabta populations also showed high (t/b) 2 values (Figure 4 ). Abbreviations are the same as in Table 2 . 
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Relationships among traits at the species and population level
As expected, the organs related to the CO 2 assimilation (LDW) and water uptake (RDW) were highly and positively correlated with biomass production in both treatments (Table 8 ). The positive relationship between the whole-plant hydraulic conductance and growth/biomass production was not observed under drought, as the reduction in the hydraulic conductance was not accompanied by a reduction in biomass. Moreover, the negative correlation between biomass production and both K L and WUE increased under drought due to the preservation of the biomass. For the same reason, the positive 1448 Corcuera et al. Figure 2 . Relationship between the percentage reduction in hydraulic conductance and maximum hydraulic conductance (hydraulic conductance in watered/control plants) for K S (a, whole-plant stem-specific hydraulic conductance, ( relationship between root surface and biomass production was not observed under drought. In the drought treatment, a positive correlation between the number of root tips and biomass production was observed. The canonical discriminant analysis based on the variables and the population as the grouping factor absorbed 62% (control) and 58% (drought) of the total variance in axis 1 and 17% (control) and 22% (drought) in axis 2 ( Figure 5 ). In axis 1, the growth characters were the main variables under both the control and drought treatments (h, SWR, LWR, RWR and SDW). However, under drought, K L (R 2 = −0.89) and K S (R 2 = −0.61) were also key factors (Figure 5b) . The populations Oria, Arenas and Coca were clustered along axis 1 and 2 in the control treatment. The populations Tamrabta and San Cipriano were separated from this group in opposite directions along the main axis (axis 1). The Atlantic population San Cipriano showed an increased height, stem biomass, stem-and leafweight ratio, leaf to sapwood area ratio and hydraulic conductance, and a reduced WUE and root weight ratio. In contrast, the Moroccan population, Tamrabta, showed the opposite pattern. Under drought, both populations showed again contrasting traits, and the xeric populations Oria and Tamrabta were clustered along axes 1 and 2, which showed lower height, stem and leaf dry weights, stem and leaf dry weight ratios, leaf area and leaf to sapwood area ratio and higher root weight ratio and hydraulic conductance (K L and K S ). The San Cipriano population showed contrasting traits (opposite direction along the axis 1). Table 9 shows the different relationships among the traits in the contrasting San Cipriano and Tamrabta populations. The San Cipriano population allocated more biomass to aboveground (SDW, LDW; Table 6 ) than to belowground tissues and due to the lower RDW and RWR, the root morphology played an important role in water uptake. In watered plants, there was a positive correlation between the root surface and K h and K S ; under drought, the root morphology (root surface and tip number) and WUE were positively correlated. In the Tamrabta Hydraulic architecture in Pinus pinaster populations 1449 Abbreviations are the same as in Table 2 . population, there was a high and positive correlation among all the biomass traits under both watered and drought conditions, due to the equilibrium among aboveground and belowground biomass (Table 6 ). Despite its lower height (Table 4) , this population produced a high leaf and stem biomass as a consequence of its higher RDW and RWR. Despite the opposite allocation patterns shown by the San Cipriano and Tamrabta populations, the WUE was negatively correlated with transpiring tissue (leaf biomass), especially under drought, in both populations. We found different relationships at the species and population level, which agrees with Martínez-Vilalta et al. (2004), who found that relationships among hydraulic traits changed at different scales (individual, species and populations). For example, the root morphology was positively and exclusively correlated with biomass traits at the species level. However, in the San Cipriano population, a lower carbon allocation to the roots consequently resulted in the importance of root morphology in water uptake, showing a positive correlation with hydraulic conductance and WUE under watered and drought conditions, respectively. In addition, the positive correlations between the root surface and biomass production decreased under drought at the species level. Nevertheless, this relationship remained invariable at the population level for the Tamrabta population and increased in the San Cipriano population under drought for RDW and TDW. The positive correlation between tip number and biomass production was observed under drought at the species level but not in these two populations.
We did not find a potential trade-off between hydraulic safety (estimated by the conduit implosion resistance (t/b) 2 ) and hydraulic efficiency (estimated by K h , K L and K S ) or between the hydraulic safety and growth (data not shown) at the species or population level. However, we found a possible tradeoff between hydraulic safety ((t/b) 2 ) and hydraulic efficiency (K h and K S ; Table 9 ) within the Arenas population and between hydraulic safety and growth (d, LDW, SDW, RDW, TDW, A L , A S and root surface; Table 9 ) within the Tamrabta population and the lumen of the tracheids was highly and positively correlated with biomass production (h, d, LDW, SDW, RDW, TDW, root surface and tip number).
The relationships between the anatomical characters and the remaining variables also showed differences within the scale of study (species/population). Considering all of the individuals (at the species level), we only observed correlations among the anatomical traits: (t/b) 2 and both the cell wall thickness (R 2 = 0.53, P < 0.001) and the mean tracheid hydraulic diameter (D h ; R 2 = −0.39, P = 0.002, data not shown). At a population level, the conduit implosion resistance was negatively correlated with the whole-plant hydraulic conductance (K h ) and K S in the Arenas population (Table 10 ). In the Coca and Oria populations we only observed significant relationships among the anatomical characters. However, in the Tamrabta Table 6 . The means and standard errors of the carbon allocation and dry weights among the populations. Pop population we observed several correlations among the anatomical variables and growth, carbon partitioning, root morphology and WUE. The D h was positively correlated with height; stem diameter; leaf, stem, root and total dry weight; leaf area; stem area; root surface; and tip number, and these relationships were negative for (t/b) 2 . The (t/b) 2 and WUE were also positively correlated. Cell wall thickness was negatively correlated with root dry weight but positively correlated with WUE.
Discussion
Drought effect
Drought did not affect P. pinaster dry biomass partitioning. The severe water stress applied during the experiment did not cause shifts in carbon allocation towards belowground biomass, consistent with the results obtained from a previous study in P. pinaster populations (Aranda et al. 2010) . It has been suggested that the absence of changes to biomass allocation in plants exposed to drought might be a consequence of similar levels of osmotic adjustment in the leaves and roots (Sobrado and Turner 1986) and carbohydrate storage in both aboveground and belowground tissues (Bacelar et al. 2007 ). We observed a reduction in the total root surface area and an increase in the number of tips in response to drought. The abscission of some lateral roots might explain the inferior root surface under drought (Huang and Nobel 1992) . Spaeth and Cortes (1995) stated that after a drought cycle the epidermis and outer cortex of the primary and some secondary and tertiary roots collapsed. However, bare steles were able to initiate new lateral roots from the pericycle after rewatering, indicating that the cortical tissue, except for the endodermis, was not necessary for secondary and tertiary roots to initiate new lateral roots. After a prolonged and severe drought, Córdoba-Rodríguez et al. (2001) observed increases in the number of lateral and finely growing roots in Pinus pinceana Gordon populations. New roots were also initiated during 3 months of drought in Agave deserti Engelm. (North and Nobel 1998). The water required for root construction originated from the succulent shoot, and water moved as a result of differences in the water potential. It was also reported that water from the shoot moved acropetally through the xylem and helped maintain apical viability and growth in Zea mays L. (Portas and Taylor 1976) .
As expected, there was a reduction in whole-plant leaf-and stem-specific hydraulic conductance in response to drought. The xeric populations, Oria and Tamrabta, showed the higher K L after drought, which agrees with Tognetti et al. (1997) , who found greater soil-to-leaf hydraulic conductances in P. halepensis populations from more xeric habitats. However, the differences in K L among populations were minor and there was a convergence of the population K S values after the drought treatment, probably due to the high water stress reached in the experiment.
Population differences
There were significant differences between the mesic and xeric populations in the hydraulic architecture, consistent with their original climate, and therefore might be the result of physiological adaptations to the population place of origin. The xeric Oria population presented a higher carbon allocation to the roots, a lower carbon allocation to leaf and stem, a lower leaf to sapwood area ratio and a higher whole-plant leaf-specific conductance under the control and drought treatments, consistent with an adaptation to soil water deficits, as higher hydraulic conductance allows Oria to maintain an increased water supply to foliage at similar water potentials, and lower leaf area facilitates reduced transpiration and avoids excessive desiccation. These traits might provide the Oria population with a competitive advantage under dry conditions. The mesic San Cipriano population displayed contrasting traits under watered and severe drought conditions: higher aboveground carbon allocation, higher leaf to sapwood area ratio and low whole-plant leaf-specific conductance.
The Arenas population displayed the highest reduction in K L and K S in response to drought, 49.5 and 53.8%, respectively (Figures 1 and 2) . The higher responsiveness to drought in the P. pinaster populations from wet sites than in the populations from dry sites was previously reported for stem-specific conductivity, vulnerability to xylem cavitation (Corcuera et al. 2011) and WUE (Aranda et al. 2010) . On the contrary, the Tamrabta population showed the lowest reduction in K L (20.1%) and K S (17.0%) under drought treatment, consistent with the geographical distribution of these populations. The Arenas population maximizes its water use when soil water is available and is more efficient in conducting water to the leaves Hydraulic architecture in Pinus pinaster populations 1451 Table 7 . The means and standard errors of δ 13 C (‰), h, d, A L : A S , D h and wall thickness among the populations. Table 2 . Within columns, parameters with the same letter are not significantly different at P < 0.0001. Population abbreviations are: A, Arenas; C, Coca; O, Oria; T, Tamrabta; S, San Cipriano. Abbreviations are the same as those in Table 2 .
Bold numbers denote significant values. Significance levels: ***P < 0.001, **P < 0.01, *0.01
than the Tamrabta population when there is no water restriction. The lower hydraulic conductance of the Tamrabta population can be considered a drought tolerance feature , as low hydraulic conductance limits sap flow from the roots to leaves, promoting conservative water use, as confirmed by the δ 13 C values in both populations; the Tamrabta population showed a higher WUE (higher δ 13 C, Table 7 , Figure 2d ), consistent with an increase in stomatal control over water loss, and the Arenas population showed the lowest WUE. According to the trade-off between hydraulic safety and hydraulic efficiency (Zimmermann 1983) , lower conductivities could be considered as an adequate predictor for plant survival in P. pinaster populations. Nevertheless, it is not clear as to whether the loss of hydraulic conductivity in response to drought and the resistance to xylem cavitation is related to tree survival under field conditions (Vilagrosa et al. 2003) . There are also studies arguing that high conductivities allow to maintain lower xylem water potential gradients and xylem embolism due to the relation found between higher efficiencies in water transport and climate dryness in P. sylvestris populations (Martinez-Vilalta et al. -Pina et al. 2011) . The hydraulic conductance has been positively and strongly correlated with stomatal conductance and photosynthetic capacity in the conifers (Brodribb et al. 2005) . Both populations, Arenas and Tamrabta, showed high total biomass production (Table 6 ). Therefore, water transport efficiency in P. pinaster populations seems to be more related to xylem safety than to primary productivity, consistent with a trade-off between their stem-specific conductivity and vulnerability to xylem embolism (P 50 , Corcuera et al. 2011 ). This observation is in contrast with previous intraspecific studies in P. pinaster (Lamy et al. 2011) and P. sylvestris (Martínez-Vilalta and Martinez-Vilalta et al. 2009 ), which showed no evidence of a trade-off between hydraulic conductivity and resistance to xylem embolism among populations. Differences in K L and K S among the populations were explained by differences in water transport capacity per unit of leaf area (A L : A S ). For instance, the higher K L and K S of the Arenas and Oria populations was correlated with a greater investment in water transport (lower A L : A S ), and the lower K L and K S of the San Cipriano population was correlated with a Hydraulic architecture in Pinus pinaster populations 1453 greater investment in photosynthetic capacity (highest A L : A S ). Lowering A L : A S and increasing K L and K S might help plants to maintain short-term transpiration without inducing water potentials that cause xylem cavitation (Tyree and Ewers 1991) , which might be an advantage in arid habitats, as confirmed by the higher cavitation resistance displayed by the Arenas population under severe drought (Corcuera et al. 2011) . In xeric habitats where growth is reduced because of limited water availability, it might be more advantageous to optimize for embolism avoidance than for high hydraulic conductance, and the ability to tolerate drought might be more important than the ability to transport water rapidly. A potential cost of a lower A L : A S ratio, or lower photosynthetic to non-photosynthetic tissue, is that carbon assimilation and growth might be reduced.
However, a reduction in growth was not observed in the Arenas population, with similar stem biomass, height and diameter compared with the San Cipriano population, which showed the highest leaf to sapwood area ratio.
Dry biomass partitioning was under genetic control, and the populations showed contrasting patterns of carbon allocation, as described in Aranda et al. (2010) . The differences among populations were related to drought adaptations. Higher carbon allocation to the roots and lower carbon allocation to the stems and leaves of the xeric Oria and Tamrabta populations are common in seedlings of dry forest species (Markesteijn and Poorter 2009 ) and might facilitate increased water uptake under water stress conditions. Moreover, both populations showed no reduction in root surface area in response to drought. In contrast, the mesic populations allocated a larger proportion of dry matter to aboveground tissues and a lower proportion to belowground biomass, consistent with the results obtained from previous studies in P. pinaster (Guehl et al. 1995; Tognetti et al. 2000) . The xeric Oria population displayed the lowest growth (height, diameter and leaf, stem, root and total dry weights). Genetic factors related to the seed source influence growth (Bergin et al. 2008) . It is common for populations from low rainfall sites to show reduced growth (Andalo et al. 2005; O'Brien et al. 2007 ). Population selection for slower growth could prevent drought stress and the mortality of trees from high rainfalls, which show the fastest growth and the poorest survival at drier sites (O'Brien et al. 2007 ).
Relationships among traits at the species and population level
We did not find a potential trade-off between hydraulic safety and hydraulic efficiency among all individuals within the species nor among populations in P. pinaster. Variations in hydraulic conductance among populations were not explained by differences in tracheid dimensions. Non-vascular resistance of roots and leaves might play a crucial role in whole-plant resistance to water flow, and xylem resistance in the roots and shoots might account for a low percentage of the total hydraulic conductance (Yang and Tyree 1993; Steudle 2000) . Therefore, differences in plant hydraulic resistance to water flow might lead to a high variation in whole-plant hydraulic conductance, independent of the xylem anatomy. However, the relationships between the anatomical traits and the remaining characters were highly dependent on the population considered. A trade-off between wood reinforcement (conduit implosion resistance) and hydraulic conductance was only observed within the Arenas population. The higher conduit wall reinforcement of the Arenas population is consistent with the higher resistance to xylem embolism in this population under severe drought (Corcuera et al. 2011) . Constructing robust xylems incurs carbon costs with trade-offs in leaf and, hence, whole-plant growth (Hacke et al. 2001) . However, despite the 1454 Corcuera et al. Table 2 . Significance levels: ***P < 0.001, **P < 0.01, *0.01 < P < 0.05.
low carbon allocation to leaf of the Arenas population, it presented good growth. The negative correlation between the WUE and productivity (h, LDW, SDW, TDW) is consistent with previous results in 5-year-old (Corcuera et al. 2010 ) and adult P. pinaster trees (Correia et al. 2008 ) grown in field trials, which could be explained by the higher sensitivity of the stomatal conductance to drought than to the CO 2 assimilation rate in P. pinaster (Picon et al. 1996) . Moreover, this relationship was increased under drought.
In conclusion, the adjustment of the P. pinaster hydraulic system to intense drought occurred primarily through reductions in hydraulic conductance and modifications in root morphology. Among populations, the reductions in hydraulic conductance were proportional to the hydraulic conductance reached with no water restrictions and negatively related to the WUE. There was a large effect of the scale of study (within the species, among/within populations) on the relationships among traits, which highlights the importance of intraspecific studies. In addition, we found higher intra-than inter-population variation for most traits, especially for the conduit implosion resistance index, hydraulic conductance, WUE and root tip number, which requires further study on the family variation. We found consistent differences between the xeric and mesic P. pinaster populations in root morphology, whole-plant conductance, biomass production, carbon allocation and WUE that suggest physiological adaptations to the population site of origin. The xeric populations exhibited lower growth and a conservative water use, as opposed to the fast growing, less water-use-efficient populations from mesic habitats. The xeric Tamrabta population displayed a trade-off between hydraulic safety and biomass production and the mesic Arenas population between hydraulic safety and hydraulic efficiency. The Arenas population presents a unique combination of high productivity (yield of harvestable aboveground biomass, i.e., stem dry weight, height and diameter) and high resistance against conduit implosion. However, these results should be taken with care. We do not know to what extent the present results can be generalized to mature trees in the field. Future studies with adult trees in common garden experiments would be desirable to assess genotypic differences in drought response under field conditions.
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